Using density functional total energy calculations the structural phase stability and pressure-induced structural transition in different polymorphs of ZnSiO 3 and Zn 2 SiO 4 have been studied. Among the considered monoclinic phase with space groups (P2 1 /c) and (C2/c), rhombohedral (R3) and orthorhombic (Pbca) modifications the monoclinic phase (P2 1 /c) of ZnSiO 3 is found to be the most stable one. At high pressure monoclinic ZnSiO 3 (C2/c) can co-exist with orthorhombic (Pbca) modification. Differences in equilibrium volume and total energy of these two polymorphs are very small, which indicates that it is relatively easier to transform between these two phases by temperature, pressure or chemical composition. It can also explain the experimentally established result of metastability of the orthorhombic phase under all conditions. The following sequence of pressure-induced structural phase transitions is found for ZnSiO 3 polymorphs: monoclinic (P2 1 /c) → monoclinic (C2/c) → rhombohedral (R3). Among the rhombohedral (R3), tetragonal (I42d), orthorhombic (Pbca), orthorhombic (Imma), cubic (Fd3m) and orthorhombic (Pbnm) modifications of Zn 2 SiO 4 , the rhombohedral phase is found to be the ground state. For this chemical composition of zinc silicate the following sequence of structural phase transitions is found:
Introduction
Studies of the interface between semiconductors and transparent conducting oxides (TCO) present great interest for optoelectronic device technology. During fabrication of device structures based on contact semiconductor/TCO a mutual diffusion of the atoms from semiconductor to TCO and vice versa can take place at the interface. At high concentrations 5 Author to whom any correspondence should be addressed. 6 Present address: SINTEF, Materials and Chemistry, PO Box 124 Blindern, N-0314 Oslo, Norway.
of the diffused atoms structural phase transformations can occur, which can result in the formation of new compounds at the interface. Such compounds often possess a wide bandgap and form a band offset with the semiconductor and TCO. From this point of view, a knowledge of structural properties, electronic structure and optical properties of the compounds formed at the interface is important in using them in optoelectronic devices. Further, the crystal structure of compounds formed at the interface will be different from that of the bulk materials due to the interfacial effect and stress in the lattice. So, the structural phase stability studies of such compounds with pressure present interest from both fundamental and technologically points of view. It can help to reveal how the interface influences the operation of a particular device and to provide the information required to control the properties of the interface layer.
ZnO and Si are the compounds extensively used in modern semiconductor electronics. The electronegativity of Si and Zn are 1.90 and 1.65, respectively, which are close to each other. The atomic sizes of these elements are also comparable to each other, i.e. 0.117 nm for Si and 0.133 nm for Zn. These data indicate that the diffusion of Si into ZnO can be favorable. As a result, at the interface in the heterostructures of Si/ZnO and SiO 2 /ZnO the Si-and Zn-related oxides can be formed, which will affect the device performance. Polymorphs of ZnSiO 3 and Zn 2 SiO 4 can be such interfacial oxide layers formed in between Si/ZnO and SiO 2 /ZnO [1, 2] due to the solid state reaction. These compounds are of particular technological interest for thin film Si solar cells [3] [4] [5] [6] , devices where ZnO is deposited on silicate glass as a TCO buffer layer [7] , lightemitting diodes [8] , ZnO nanowires and nanotips grown on Si and Si on sapphire [9] , ZnO particles embedded in sol-gel silica [1] , nanostructures, etc [10] [11] [12] [13] [14] [15] [16] . The monoclinic ZnSiO 3 nanocrystals have been formed as a result of rapid thermal annealing of SiO 2 with metallic Zn nanocrystals [17] . Also by transmission electron microscopy (TEM) with focused electron beam irradiation, ZnSiO 3 nanoparticles have been found in an SiO 2 layer located in between the ZnO thin film and the Si substrate [18] . Moreover, from x-ray diffraction, TEM and selected-area electron diffraction studies it has been found that orthorhombic ZnSiO 3 can be formed at the interface of the ZnO/Si heterostructure after annealing at 900
• C resulting from the inter-diffusion between ZnO and Si [19] .
Crystal structure and structural phase transitions of ZnSiO 3 and Zn 2 SiO 4 have been studied experimentally in the past by many authors (see, e.g., [20] [21] [22] [23] [24] [25] ) at high temperatures in the range 700-1500
• C and pressures 0-17 GPa. ZnSiO 3 in the monoclinic phase with space group (SG) C2/c is generally not found to be stable at atmospheric pressure and it can be obtained as a result of the reaction of willemite Zn 2 SiO 4 with quartz at about 3 GPa and subsequent transition to ilmenite at 10-12 GPa [20] [21] [22] [23] [24] [25] or 15 GPa [26] . However, it is reported in [21] that ZnSiO 3 with SG C2/c also exists at room temperature and ambient conditions. Upon increasing the pressure, this phase can undergo the following sequence of displacive phase transitions from C2/c to a high pressure phase with SG P2 1 /c(-m 1 ) at 1.92 GPa, which can also be transformed to another high pressure phase with SG C2/c (-m 2 ) at 4.9 GPa. However, the differences in equilibrium volumes between the latter three structural modifications of ZnSiO 3 are too small to consider them as different polymorphs. Orthorhombic (-o; Pbca) ZnSiO 3 has been synthesized at high pressures and temperatures (see, e.g., [24] ) and it is found to be metastable under all conditions.
In the polymorphs of ZnSiO 3 , Zn atoms are coordinated both octahedrally and tetrahedrally [24] (figure 1). In ZnSiO 3 -o the Zn atoms at the octahedral sites have irregular octahedral coordination to the O atoms. ZnSiO 3 of trigonal/rhombohedral (-r ) symmetry with space group R3 is known by the mineral name ilmenite. ZnSiO 3 -r consists of a slightly distorted hexagonal close-packing array of O atoms with Zn and Si atoms in the interstitials. Structural properties of these compounds have been analyzed in more detail in [20, 23, 27] . However, phase stability of different modifications of ZnSiO 3 at low temperatures has not been discussed in detail yet. According to [26] a structural transition from ZnSiO 3 -m 2 to -r occurs at 15 GPa at 1000
• C. The Zn 2 SiO 4 reported in [28] has been formed as a result of annealing the ZnO-SiO x system. Willemite Zn 2 SiO 4 has been formed as a result of the reaction of ZnO with SiO 2 [29] , which has led to a decrease of concentration of the O vacancies and Zn interstitials. Zn 2 SiO 4 has been used to synthesize the Si-doped ZnO nanobelts [30] .
Phase transformations of Zn 2 SiO 4 have been studied [31, 24, 27] up to pressures 17 GPa and temperatures 800-1500
• C. The following sequence of structural transformations has been found [27] between five polymorphs of Zn 2 SiO 4 :
Here the o 1 , o 2 and o 3 modifications of the orthorhombic Zn 2 SiO 4 denote those with SG symmetry Pbca, Imma and Pbnm, respectively. Owing to the preference of Zn for tetrahedral rather than octahedral coordination by oxygen at low pressures, the Zn 2 SiO 4 crystallizes into the phenacite structure with Zn atoms located in distorted octahedral coordination [14, 26, 22, 23] . In Zn 2 SiO 4 -t the oxygen atoms join together with Si and Zn so that each of the oxygens at the SiO 4 tetrahedra is bonded to Zn atoms, thus forming an integrated part of a Zn-O-Si network (see figure 2 ). The O atoms are located approximately in the body-centered cubic arrangement in Zn 2 SiO 4 -t, while both the Zn and Si atoms are in tetrahedral coordination to the O atoms. In rhombohedral Zn 2 SiO 4 the Zn and Si atoms are also tetrahedrally coordinated to O atoms, where the Zn atoms occupy two crystallographically different sites, but the environments around these sites differ only slightly. Although there is no information about the spinel structure of Zn 2 SiO 4 , a similar type of compound Mg 2 SiO 4 possesses it. The spinels are cubic (-c). They are a class of minerals with the O ions forming a face-centered lattice where Zn cations are octahedrally coordinated and Si atoms are tetrahedrally coordinated.
The above-mentioned experimental results on the existence of different polymorphs of zinc silicates, the possibility of their formation at the interface between ZnO-Si and ZnOSiO 2 and the possibility of phase transitions between the polymorphs creates the necessity to study structural properties, electronic structure and optical properties, as well as the interface between the silicates and semiconductors. The study on the electronic structure and optical properties of the intermixed zinc silicates has been performed in [32] , which are found to be insensitive to crystal structure modifications and crystallographic directions. Still many questions have been left open. Some of them are the systematic study of bandgap variation in between the zinc silicates and ZnO(Si) and the ways of controlling them, which would be important to know for the influence of the interface layer on current transport. The other one is doping of the silicates by shallow level impurities and H, which allows one to classify the silicates as semiconductors or insulators. However, first of all it is interesting to know which of the polymorphs of the zinc silicates is the most stable one, whether structural phase transitions can take place at low temperatures and pressures as well and what is the difference between equilibrium volumes of the polymorphs. In the present paper we intend to study these questions for ZnSiO 3 
Methods
The computations have been performed using the density functional theory (DFT) within the local density approximation (LDA). Structural relaxations and calculation of total energies have been performed with the projector-augmented-wave method (PAW) [33, 34] as implemented in the Vienna ab initio simulation package (VASP) [35] using the Ceperley-Alder data [36] for the correlation energy in the parameterization by Perdew-Zunger [37] . The Zn-3d and -4s, O -2s and2p and Si-3s and -3p have been considered as the valence electrons. The self-consistent calculations were performed using a 4 × 4 × 4 mesh of special k-points. Test calculations showed that a plane-wave cutoff energy of 500 eV is sufficient to describe structural properties of zinc silicates reliably. The convergence was achieved when the forces acting on the atoms were <10 meVÅ −1 and the total energy difference between two consecutive iterations was <10 −6 eV. The crystal structures of different modifications of ZnSiO 3 and Zn 2 SiO 4 are presented in figures 1 and 2, respectively. Experimentally determined lattice parameters and positional parameters [38, 21] have been used as input. All configurations were fully relaxed using the conjugate gradient method. Here it should be noted that there is some similarity between the structural phase transitions and crystal structures of ZnSiO 3 and MgSiO 3 [20, [23] [24] [25] . The latter compound is well studied and is a very important material to explore in the mineralogy of the Earth's deep mantle. So, MgSiO 3 can be used as a model system in the structural studies of ZnSiO 3 . In the present paper this similarity shall be used. Due to a lack of experimental data for positional and lattice parameters of ZnSiO 3 -r and Zn 2 SiO 4 -c we have used those for MgSiO 3 -r and Mg 2 SiO 4 -c, respectively, as input for the structural optimization for these two phases. 3 Structural optimization has been performed for all the considered structural modifications by the following procedure: first, atomic positions have been relaxed by the force minimization method, keeping the volume and shape of the crystal fixed. Using the relaxed atomic positions as input, the crystal volume and shape have been relaxed using stress minimization freezing out atomic positions. Then these optimized parameters have been used as input to relax atomic positions, cell volume and shape altogether. Crystal structure information obtained in this way was used as input for calculation of the total energy (E tot ) as a function of the cell volume (V ). The 2 . The calculated positional parameters from the structural optimization are found to be overall in good agreement with experimental data. Symmetry of the optimized lattices was checked and found that it is the same as that of the experimentally determined one used as an input for the structural optimization.
Results

ZnSiO
Dependence of the total energy on volume has been analyzed for ZnSiO 3 (figure 3). The E tot (V ) for ZnSiO 3 -o is 2.3 meV higher in energy than ZnSiO 3 -m 2 at their total energy minimum. The magnitude of E min tot for ZnSiO 3 -m 1 is found to be lower than that of ZnSiO 3 -m 2 by about 10 meV. Consequently, m 2 is the most stable phase. E min tot for ZnSiO 3 -r is found to be about 10 meV higher than that of ZnSiO 3 -o, which indicates that ZnSiO 3 -r is the least stable among the considered phases. Since the difference in E tot (V ) between ZnSiO 3 -o, ZnSiO 3 -m 1 and -m 2 is not large, a small fluctuation of temperature and pressure can be sufficient to cause the phase transformation between these phases. This result could explain why metastability is observed experimentally for ZnSiO 3 -o at almost all conditions [24] .
Upon compression the volume dependence of E tot for ZnSiO 3 pressure-induced phase transition from ZnSiO 3 -m to -r at 10-12 GPa [20] [21] [22] [23] [24] and smaller than 15 GPa [26] . Furthermore, our studies of the pressure dependence of the volume for (table 1) . These analyses show that ZnSiO 3 -o is the hardest phase among the considered polymorphs. The pressure derivative of the bulk modulus (B 0 ) for some of the silicates is surprisingly large. It equals 4.58 for ZnSiO 3 -o, 7.15 for ZnSiO 3 -m 1 and 5.5 for ZnSiO 3 -r . We have cross-checked the calculated bulk modulus and its pressure derivative with two independent fitting programs as well as with different equation-of-state models and arrived at the same results.
Zn 2 SiO 4
From the structural optimization the equilibrium structural parameters for different polymorphs of Zn 2 equilibrium volume for different polymorphs may be related to the difference in stoichiometry of the experimentally studied phases and temperature effects, and also uncertainty in some of the lattice and positional parameters. For example, the lattice parameters for Zn 2 SiO 4 -m and Zn 2 SiO 4 -o 1 in [27] correspond to non-stoichiometric crystals with the atomic ratio of Zn:Si = 1.7 and 1.9, respectively, whereas in our calculations the atomic ratio was always Zn:Si = 2. Overall the calculated positional parameters agree well with experimental data given in table 2. We have checked the symmetry of the lattices after structural relaxation and found that their symmetry remain the same as that of the experimentally determined one for all considered polymorphs.
Dependence of the total energy with volume for Zn 2 SiO 4 -r , -t, -o 1 , -o 2 , -c and -o 3 are displayed in figure 6 . Among these polymorphs, Zn 2 SiO 4 -r possesses the largest equilibrium volume and smallest total energy at the minimum. Zn 2 SiO 4 -c possesses the smallest equilibrium volume, but Zn 2 SiO 4 -m has the largest total energy at E min tot among the considered phases. Consequently, according to our calculations Zn 2 SiO 4 -r is the most stable phase while Zn 2 SiO 4 -m is the least stable phase. In addition to the largest total energy, the dependence E tot (V ) for Zn 2 SiO 4 -m is crossed by that of Zn 2 SiO 4 -o 1 at its minimum. Consequently, even if Zn 2 SiO 4 -m has been formed, it can be transformed into Zn 2 SiO 4 -o 1 , without pressing or heating.
Analysis of figure 6 shows that the total energy variation with volume for Zn 2 SiO 4 -r intersects with Zn 2 SiO 4 -t at high pressure. At more volume compression, E tot (V ) for other polymorphs also intersect in the following sequence: at 24.9 GPa with small volume variation ∼1.3Å 3 /f.u. It should be noted that the present calculations are, strictly speaking, valid only for the stoichiometric compounds at low temperatures. In contrast off-stoichiometry and temperature could stabilize the experimentally identified high pressure Table 2 . Unit cell dimensions, equilibrium volumes, positional parameters, bulk modulus (B 0 ) and the pressure derivative of bulk modulus (B 0 ) for Zn 2 SiO 4 -t, -r , -m, -o 1 , -o 2 and -c derived from the density functional total energy calculations at the total energy minimum. Values given in parentheses refer to experimental data [38] . 
Discussion
One of the important questions is which of the ZnSiO 3 and Zn 2 SiO 4 polymorphs can be formed at the interface ZnO-Si (SiO 2 ) and how it depends on growth and device operation conditions. Although some preliminary studies are already available in the literature, there is no systematic study of the point. For example, a crystalline ZnSiO 3 is formed [40] upon irradiation of nanocomposite ZnO-SiO 2 films with ultraviolet light because of the photo-induced reaction. From analysis of secondary ion mass spectroscopy inter-diffusion of Zn (Si) into Si (ZnO) has been reported at the interface between ZnO film and Si substrate [2] . By means of cathodoluminescence and glancing-angle x-ray diffraction the tetragonal modification of Zn 2 SiO 4 was proved to be present. Zn 2 SiO 4 is also formed at the interface of ZnO/Si heterostructures [5, 2, 41] . It can form a large band offset with Si and ZnO [5] , which is assumed to be one of the reasons for the low 8.5% efficiency of crystalline Si-ZnO solar cells [3] . Formation of the rhombohedral modification of Zn 2 SiO 4 at the boundary between ZnO particles and the SiO 2 matrix has also been reported [16] . These findings are important and indicate that the idea about the formation of zinc silicates is not far from reality. From the theoretical study of the present paper we found that ZnSiO 3 -m 1 and Zn 2 SiO 4 -r are the most stable polymorphs. A systematic experimental study of this point is needed.
The other important point is the pressure at which the stable polymorphs ZnSiO 3 -m 1 and Zn 2 SiO 4 -r can be transformed into another one. Analysis of the above theoretical findings corresponding to T = 0 K and experimental results corresponding to high temperatures indicates that the transition pressure is very large, which might not be available in ZnSiO 3 or Zn 2 SiO 4 containing device structures. Consequently, the possibility of phase transitions at ambient pressures (<6.82 GPa for ZnSiO 3 and <0.80 GPa for Zn 2 SiO 4 ) can be excluded. This finding has important implications such as, for example, the possibility of lattice expansion/shrinkage. Phase-transition-induced abnormal temperature dependence of electrical conductivities experimentally observed [42] in ZnTe:Cu can also be excluded.
Comparative analysis [32] of electronic structure and optical properties of the ZnSiO 3 and Zn 2 SiO 4 shows that optical parameters and conduction band electron effective masses of the compounds are almost isotropic and their dependence on crystal structure is negligible. Furthermore, the calculated absorption coefficient, reflectivity, refractive index and extinction coefficients are <10 3 cm −1 , 0.15, 2.2 and 0.3, respectively, which indicate the possibility of using the zinc silicates as antireflection coatings. Consequently, pressureinduced phase transitions are not expected to cause modulation of optical properties of the ZnO-ZnSiO 3 (Zn 2 SiO 4 )-Si-based device structures.
Conclusion
Phase stability and pressure-induced structural transitions between different polymorphs of ZnSiO 3 and Zn 2 SiO 4 have been studied based on ab initio total energy calculations. Among the monoclinic phase with space groups P2 1 /c and C2/c, rhombohedral (R3) and orthorhombic (Pbca) modifications, the low pressure monoclinic ZnSiO 3 phase is found to be the most stable one. Two sequences of structural phase transitions between different modifications of the ZnSiO 3 have been found. One sequence is from ZnSiO 3 (P2 1 /c) to ZnSiO 3 -(C2/c) and the other one is from ZnSiO 3 -(C2/c) to ZnSiO 3 -R3.
At high pressure monoclinic ZnSiO 3 (C2/c) can co-exist with orthorhombic (Pbca) and equilibrium volume and total energy corresponding to these two polymorphs are found to be slightly different from each other. This indicates that a small fluctuation in the environment can be sufficient for an orthorhombic to monoclinic transition, which could also explain why the orthorhombic phase is metastable under all conditions. These two polymorphs are found to co-exist in a certain pressure and volume range. According to the present total energy calculations the ilmenite form of ZnSiO 3 is found to be the most unstable one at low temperatures and high pressures. Distinct from previous experimental studies at high temperatures, no pressure-induced phase transition has been found into/from this modification.
This indicates that the ilmenite phase of ZnSiO 3 may be stabilized by the lattice dynamics or oxygen stoichiometry. Among the rhombohedral, tetragonal, orthorhombic, orthorhombic, cubic and orthorhombic modifications of Zn 2 SiO 4 the rhombohedral phase is found to be most stable. It can be transformed into the tetragonal phase at high pressures, which upon further compression transformed into a spinel modification. The calculated transition pressures agree with experimental data. Based on analogy with Mg 2 SiO 4 orthorhombic Zn 2 SiO 4 has been studied. It is found that this polymorph possesses relatively large bulk modulus and, consequently, can be considered as a hardly compressible phase. The presently considered silicates can exist at the interface between ZnO and Si (SiO 2 ). Although the reported structural transformation between the zinc silicate polymorphs is possible, the transitions occur at high pressures. So, at low pressures, the phasetransition-induced lattice expansion/shrinkage or modulation of the electronic structure and optical properties of the device structures with ZnSiO 3 and Zn 2 SiO 4 is not expected.
